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BALLISTIC RESEARCH LABORATORIES T

MEMORANDUM REPORT NO. 2215

GPNeitzel/mjm
Aberdeen Proving Ground, MD
August 1972

A COMPUTER PROGRAM TO CALCULATE THE PHYSICAL PROPERTIES
OF A SYSTEM OF COAXIAL BODIES OF REVOLUTION

ABSTRACT

A computer program to calculate the mass, center of gravity location,
and moments of inertia of a system of coaxial bodies of revolution is
presented. The derivation of equations used by the program, instructions

for setting up inputs, and a sample case are also given.
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I. INTRODUCTION

When designing a projectile, one must consider not only the exterior
configuration of the body, but its physical properties as well, since R
these will directly influence the flight behavior of the shell. By

physical properties we mean mass, center of gravity location and the

axial and transverse moments of inertia. It is possible to compute these -
properties manually, but this task for a relatively complex projectile
is a very tedious one. The program described in this report (coded by
D. Solmon) enables the designer to obtain accurate values for the physi- i

cal characteristics of his designs with minimum effort.

Minimization of user effort necessarily implies some constraints.
However, the constraints to be applied must not seriously degrade the
ability of the program to handle complex bodies. With this in mind, one
major assumption was made in designing this program; namely, that objects
to be considered by this program will consist of coaxial bodies of
revolution only. More generalized programs are available which handle
the asymmetric case, but which also require more work on the part of

* e ma—

1
the user

This report presents the derivation of the equations used by the
program and instructions for setting up the inputs. A sample case is
included for illustrative purposes. A complete listing of the program

with all subroutines may be found in the Appendix.

I1. DERIVATION OF EQUATIONS

; Consider an axisymmetric shell of uniform density (Figure 1) having

the x-axis as its axis of symmetry. The shell is bounded radially by T,
and T, (where T 1

and r, are functions of x and r and r, = y, in

g g T Vg
the x-y plane) and in the x-direction by X and Xg {where X, is not

Rl % AR

1
E

necessarily located at the origin as shown in Figure 1).

*References are lieted on page 21. Ve
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Figure 1. Coordinate System with Body Along x-Axis
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A. Mass and Center of Gravity Location

which reduces to

We also know that

—

A oyt

therefore,

To calculate the total mass and center of gravity location for a
composite body, we first calculate the mass and center of gravity loca-

tion for each section (mi, X,

B s ki

In general, we know that for uniform density2
m=/Sdn=¢p f [ [ dx dy dz.

Transforming the y-z plane to polar coordinates and

limits of integration, we get

dy dz = r dr d6,

X Y
= f 2m U
ms=p fx fo J r dr d8 dx,

0 '3

m = r" m
t &M
I m,
.
€8¢ My

11

setting the

g ) and use the following relations:




B. Moments of Inertia

L. . . s 2
The principal moments of inertia can be defined by

i
Ll

o f L L (y* + 2%) dx dy dz,

—f
"

e f 17 (x2 + 22) dx dy dz,

—
"

p LS T (x? + y?) dx dy dz,

where Ix' lv’ and I_ arc the moments of inertia about the x, y, and z
o P, e

axes respectively. For an axisymmetric body whose axis of symmetry 1s

the x-axis,

1. Axial Moment of Inevtia.

I.=o [ /7 (v + z%) dx dy dz.

Transforming to polar coordinates and setting limits of intcgration,

X Ly

SfF L0 u . .
1 =~ 75 " [ 7 dr do dx
X < 3o
0 ;
e Xy
P 1 L 4
therefoie ] = = [ : -y, dx.
’ X 2 X Uu Yz )
(o]
For a composite body,
I‘ = Z 1\ .
Tt i
2. Transverse Moment of Inertia.
. ].v = I
theretore,
- . . od el i
21 =1 + 1_ = [ ;7 (2x= + y° + zv) dx dy d:=.

. B -
) ¥ 2

—
"

o LS SN dxdy dz o+ =0 f 5 (v 4 22) dx dy de
P 1
=, 5 xsdx dy dz + 3 I\.

Transforming to polar coordinates and sctting limits of integration,
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1 Xg T Yu
Iy=5 Ix+pfx ,rg J Y x2 r dr d6 dx,
(4} '3
heref L= YL eme i 2y K2
theretore, y 2 °x e X, Yuo T YT X ax SR

For a composite body, the total moment of inertia about the y {or z)
axis is given by

I, =) 1 .
Yo 1Yy

To get the total transverse moment of inertia about the center of
gravity, we use

ITI. USE OF THE PROGRAM

As previously stated, this program assumes a svstem of coaxial hbodices
o =~evolution. If the x-axis is chosen as the axis of symmetry, then the
surfaces of the body may be generated by rotating y = f(x) about the
x xis The origin is usually taken (a) at the nose, with the positive
X-d4asS pointing rearward or (b) at the base, with the positive x-axis
pointing forward. The center of gravity is computed from the chosen
origin. As presently constructed, the program will handle two types of

functions; circular arcs and straight lines. Circular arcs are of the
form

y =y,  t YR - (x - xc)a,

where (xc, yC] is the location of the center, and R is the radius. Some
care must be taken to insure that the quantity under the radical sign is
never negative in the applicable x-interval. (The guantity could go
negative near lx-xc! = R, due to round-off errors.) Taking the origin at

the nose will usually circumvent this prob:iem.

ey -
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Straight lines are of the form

VoEoa oo+ ax,
)

[

where 2 and a  are the y-intercept and slope respectively. Associated
0 1

with cach function 1. an interval, (xo, xf), within which it is applicable, i

and the density, p, of the arca lying immediately below the function with-

in the interval, -
Fach function is input on a single Jdata card. The cards mav he

arvanged inoany order, with o blank card foliowing the last datua card

of a case. Cases may he stached. The data cards are of the following =
voriz, with ot vields horny ton o colimne s Pociing pednt s st b pancined,

Ao carvelar Sres

card
Colunns Content

1-10 X

<
11-2 \
. .
21-30 R
SP-10 \
k“.
Ji-50 N
1
S1-60 ,
ul-78 dlphanumeric code tor identitication of output
79 blank for y = y_+ v
\
- for v = v -
Yo

S0 | o
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B. Straixht Lines

Card
Columns Content
{ 1-10 3,
11-20 a,
21-30 X
)
31-40 Xg
41-50 blank
51-60 p
61-78 alphanumeric code for identification of output
79 blank
80 2

"1 Care should be taken to insure that the units of measurement used

|
i

for density are consistent with the units of length used on the drawing

from which the functions were derived.

The program prints out the input data, for checking purposes, as well
as the computed values of mass, center of gravity location, and axial and
transverse moments of inertia. The units of these computed values are

dependent upon the units of the input data.

IV. SAMPLE CASE

The sample case, shown in Figure 2, is the 105mm, HE, Ml artillery
projectile with M73 dummy fuze. The shape is rotationally symmetric

except for two fuze wrench slocs on the M73 which were ignored for present

purposes. The densities of the various materials which make up the round .
arc listed in Table 1. 4

Dol
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10Smm, HE, M1 with M73 Dummy Fu

Figure 2.
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Table I. Densities of Materials Used for Sample Case
Section Material Density -
(1b/ind) S
Fuze Steel .2833 ' '
Body Steel ,2833 -
Base Plate Steel .2833
Rotating Band Gilding Metal .3128 . )
H.E. Filler Comp B .0549
Tabulations of input and output are shown in Tables II and III _
respectively. A comparison of computed values with standard values is
given in Table IV. The computed values are in good agreement with the ;~7477€:
standard values with the maximum error (+2.8%) occurring in the trans-
verse moment of inertia computation. Keep in mind, however, that these
standard values are the mean values of measurements taken on a samplec
of production rounds whose actual shapes may vary slightly from
standard. This sample case was selected to give the reader an idea of the
degrce of complexity which can be hancled by the program. For known
- shapes with known densities, the computation is nearly exact (within the e
t tolerance imposed on the intcgration routine). .
b
%
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Table IV. Comparison of Standard and Computed Values for Sample Case -

Quantity lUnits Stand. Computed Lrror

(%)
Mass 1b 33.0 33.087 +0.3
Center of Gravity in 12.264 12.291 +0.2

(from nose)
Axial Mom. 1b-in< 79.488 80.453 +1.2
Trans. Mom. 1b-in’ 770.803 792.18 +2.8
F
] ; ,
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APPENDIX
DIMENSIOM ICOCE(40), XC{40), YC(&4O0), RCU4O), AOI4O)}y ALL4C), MAIN )
X0(B8Q!, XF(80), RC(40), XOP(BO)y X(8BOQ)s XT(BCly FY{(4O}s MN(40), MAIN 2
NFUN{40), XL(4&0) s XUL4D) MAIN 3
COMMON XCy YCo RC, AO, AL, NUP, NLO, FLIP, 1COCE MAIN &
EXTERNAL FX MAIN 5
P1234141592654 MPAIN &
HMAIN 7
INITIALIZATIONS MAIN 8
KAIN 9
1F=0, MAIN 10
XMs(Q, MAIN 11
AM]=0, MAIN 12
€P=0, MAIN 13 1y
AC(L1) =04 VAIN 14
Al(1)=0, MALIN 1S
xXCt1)=C, MAIN 16
YC(l)=0Q, MAIN 17
RC(1)=0, MAIN 18
RO(11=0, MBIN 19
XC(11=0. MAIN 20
XF(1)=0, MoIN 21
MAIN 22
READ [NPUT, REARRANGE [F NECESSARY, AND PRINT OUT,. MAIN 23
MAIN 24
00 5 1=2,100 MAIN 25
READ (5,28) XCUIDoYCUIY4RCUT Do XOUT Vo XF(1)eRO(I)4LACODE(K) K=]y2), MAIN 26R
tcocet 1) R MAIN 27R
IF (1CODCI1YeECL,O) GO TO 6 HAIN 28
AACOCE=ACCDE(]) FoIN 29
ABCOCE=ACCRE(2) VAIN 30
IF (1CODE(T1aNEWL2) GO TO 2 MAaIN 31
AO(I)=xC(]) MAIN 32
Al{l)=YCI(I) MAIN 33
XF{1)=x0t1) MAIN 34
X0(1)=RCC(I) MAIN 35
xCt1)=0. MAIN 36
YCUL)=0e ¥AIN 37
RC(I)=04 MAIN 138
GO TO 3 MAIN 39
AO(T)=0. PAIN 40
Ali1)=0. MAIN 61
IF (1.GT42) GO TO 4 FAIN &2
WRITE (6,431) MAIN 43w
WRITE (6432) AQ(L) o ALUT)N o XCUL)YCUL)eRCIID e XULEDXFUL),RO(T), MAIN h4w
AACCDE,ABCOOE HAIN 45W
CCNTY INUE VAIN &b
N=220 MAIN 47
Go 10 7 MAIN 48
N=zl=~1 VALK 49
WRITE (6,29) MAIN 50W
LI=N MAIN S1
ACCNE (L) =AACOCE MAIN 52
ACODE(2)=ABCOCE MAIN 53
MAIN 5&
DIVIOE BODY INYO REGIONS USING BREAK POINTS, MAIN 55
MBIN 56
DO 8 1=1.N MAIN 57
X¢I1)=x0(11} MAIN SR
Jahe 1 MAIN S9
X{N=xfFil1) MAIN 60

22
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NNE2 N MAIN o1
N=AN MAIN 62
=1 NAIN &3
00 12 121N MALN b4
FLOP=0, MAIN 65
CALL PMIN X NN, XNMIN,IT) MAIN b6
XBPIL)axMIN MAIN &7
IF (1+EQ.1} GO TO 9 MAIN 68
IF (XBPIL)aEQeXRPIL-L1)) FLOP31,0 MAIN 69
9 J=0 MAIN 70
D0 10 K= .NN MAIN T1
IF ([TeECeK) GO TO 10 MAIN T2 B
J=Je} MAIN 73 -
X(J)=X(K) MAIN T4
10 CONT INUE MAIN 75
NNsNN=1 MAIN 76
IF (FLOPLEQe 140} GO TO 11 HaIN 77
Lal+] MAIN T8 M
11 CONTINUE MaIN 79
IF (NNJ.EQel) GO TC 13 PaIN 80
12 CONTINUE »alN B1
13 CONT INUE MAIN 82
IF {(X({1)e€EQeXBP(L-11) GO TO 14 MAIN 83
XBPIL)aX(1) VAIN B4
G0 10 15 MAIN 85
14 L=L~1 MAIN 86
15 CONTINUE MaIN 87
X0(1)=xBP(1) MAIN 88
XF{l)=xBP(L] MAIN B9
I ERY VAIN 90
16 11=1 FAIN 91
XT{1)=(XBP{I)exBP(Jel})/2, MAIN 92
K=] FAIN 93 -
c MAIN 94
c SEPARAYE REGIONS INTO LAYERS OF UNIFORM DENSITYa MLEIN 95
c MAIN 96
CO 19 J=1,L1 MAIN 97
TF (XOUJVeOToXT{1)eORXT{11,GToXF(J)) GO TO 19 MAIN 98
IF (RCIJ1<€EQe0e) GO TO 17 VAIN 99
FY(KDI=YC(J)eSQRI(RCII)IS82-UXT(TI)-XC{JI))*82)4AC(II+ALIJIOXT(]) MAINLOO
IF (1CODELJSIaNEC-1) GO TO 18 MAINLCL
FY(K =YC()=SQRTIRC(JI*#o2-IXT{I)I=-XCUJII*82)2A0(J)¢AL(J)ex®(]) MAIN1OZ
G0 TO 18 MAIN10)3
17 FY(K)=AQ(J)+AL{J)exT( ) MAINLOG
18 CONTIANUE MAINL1OS
PNIKD =) \ MAINLOG
KeKel MA[N1OT
19 CONTINUE MaINlCB .-
K=K-1 MAINL1OY
JJ=1 MAIN11O
20 CONTINUE MAINLILL :
IF (KeEQe2) GO TO 22 MAINLL2 .
CALL PMAX (FY K¢XMAX, 1T} MAINI1) i
NFUN(JJI)=WN( I T) MAINLLA i
1CODELIJII=ICOCECIT) MAINLLS -
J=0 MaINLL G
0G 21 Ix=1,4K MAINLLY
IF (17.EQ.IX) GO 10 21 YAINLLSE
JxJsl MAINLL S
1CODELI)I=1CO0ELTIX) MAINL20O
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FY(J)=FY(IX)
FACD P =MNLIX

CONT INUE

Jd=gJd+i

K3K=-1

GO 10 20

CONT [ NUE

IF (FYTLVeGTLFY(2)) GC To 22
NEUNT JI ) =MAT 21}
1C0DECIII=IC2CELZ)
NFUN({JDeLl)=v1)
TCONECJIIelY=1C200(1)
GO 10 24
FELY OIS MM L)
1CCRE(Idy=1cont )
NEUN(JJel)=un( oy
ICOpeEtddely= {7000 (2)
CONT (NUE
NUPsNFUNLTE)
BLD=nFUn (e )Y
XL{ry=xup{l}

XUl ) =XxaP({te])
lepSOn

INTEGRATE BGDY SECTION 10 FIND MASS, AND ACCUMULATES
CALL RMBUIN (FXgF Lo X (17 eXUl[)s1Ne8®(=6),04)
fFLIFP=1a40

XMax 4P TOeROLNUPYOF ]

INTEGRATE BODY SECHION T0 FIND CoqGe LOCATIGN,

CALL RPBOIN (FXg b F g xUL O 14Xl 1)y1Catt{~-6),4Ca)

FLIP=240
XCG=FFI1/F1

INTEGRATEL £30Y SECYLON TO fIAD AXIAL MOM_ NT, AND ACCUMULATE.

CALL RNMALIN (FU n XL W XUl )y 10a**(-C)4Co)
FLIP:=340
AML:AMT+GaSe oL PYes]

INTEGRATE BUOY S{CVTICN Tu #1850 TRAKSVIRSE FOFLNT, AND ACCLPULATE,

CALL RPEGIN (Pl x Uty w1 a1N,t8-6),04)
2= ef Lo pmactayp)
EdzsipePl el Phv (g ru oGl )

TF (1 fablized)y G010 04

Ii=11+1

G010 25

1z21+]

1P (st d G2 IO 27

(0 T0 18

CALCULATYL (etba LLOCATIC! 250 TUTAL THANSYIKRST MOMENT,

COPag el
f, b KT e

PRINT OUL Lr QUi TS, 260 RLTGRN F50 A NEW CASU.

MAINLZI
MAINE22
MAIN12]
PaTMl24
MAINLIZS
MAINL26
VAINL12T
MAINLZR
MAINL129
VAINL3C
PAINLIZY
MAINL132
PAINLZD
VAEINY 36
MEIN 38
VYAINL3S
MAINLAT
V2INL13SB
PLINL3G
PA(NLAD
MEINLS ]
MAIN]&2
MAINTGD
MALINLIAG
MAaINTIGS
KFAINLGE
FAINLGT
VAINT4R
MBI1%149
MAINLSO
Mrrhtey
VEINLES?
FAL153
MEINDSS
PATINLSS
VAINLSE
YVAIMLS T
[ X IRISE!
MALLYISS
METNLGO
MAINDGI
VAIMIED
LR LY Y]
MAINLA4
MATMLGS
MEINLAY
VALY
VAINLGE
MAINLLGD
MAINLTO
VAINLT]
MAINLT?
MEINLTD
VAINYTY
MLINL TS
MAINLTS
MATNLTY
VAalnlts
FAEINLTA
MiIN1ROQ

il 1 e A
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s e - J ST Lo - SR i
c MAINIBL
WRITE (6430} XM,CGPROJ,ANI B, (ACODE(L},121,2) MAINLB2W
60 10 1 MAINLS3
MAINLBS
28 FORMAT (4F10464206,12) MAINLSS
29 FORMAT (/SX,SH MASS 12X 2HCGe9Xs6HAX MOM, IX,GHTRANS MOM,L1X,4HCODEMALINLSS
17) MAINLBT
30 FORMAT (4(2X+E12,50,43X,2A49) MAINLBSE
A1 FORMAT (//7/7/ 7% 1HA 012X 1HA 12X kHX 3 12Xs IHY ¢ 12X, IHRy 12Xy LH X, 12X, LHXMATINYBS
109X, THOENSITY ¢ LOXK o BHCOMMENTS /78X o LHC s 12Xy L HL g L2X 4 1HC ¢ 12X o 1HC 4 25Xy LHMAINLGO
203 12%, 1HF /) MAIN191
32 FORMAT [1H +8E13,5,3%X,2A9) KAaINYG2
END MAIN193-
FUNCTION FX (X)) ¢ 193s )
DIMENSION XC(40), YCU40)s RC(&Q), AO(GO0), AL(40)s XXC({4C), Fx 2
1 I1COCE(40} Fx 3
COMMON XC, YC, RC, AQ¢ Aly, NUP, NLO, FLIP, ICOCE FX 4
XXC(NUP)=2X=XC (NUP) Fx s
IF (RCINUP)I(ECLO4) XXCINUPI=(, FX [}
XXC(NLO)YsX=XC{NLC) FX 7
1F (RC({NLO)4ECeOs) XXCINLOI2O, FXx 8
IF (ICODEINUP)I(ECe~1) GO TO 1 FXx 9
YUS{YCINUP )¢ {RC(HLP 1002 XXCINUP)*®22) 080, S+A0INUPISAL(INUP)OX )02 FX 10
GO 10 2 Fx 11
1 YURIYCINUPI-{RCINUPIS®2-XXC(NUP)¢32])#20,54A0(NLPI¢AL[NUP) X} 002 FX 12
2 CONTINUE FX 13
IF (1CODEINLO) EG,~1) GO TO 3 ) FX 14
YLE{YZ(NLO)+{RCINLOI®*2-XYCINLO)382)e30,S+A0(NLOI*ALINLO)OX)%e2 Fx 15
GO Y0 & : FX 16
3 YLS{YCINLO)=({RCINLD)®92-XXC(NLO1¢82)980,S¢A0(NLO)I®ATINLG)®X) 82 Fx 17
4 CONTINUE Fx 18
FX=YU-YL FX 19
IF IFLIPeEQeOe) RETURN FX 20
IF (FLIP-24) Seb647 FXx 21
5 FX®mX*FX Fx 22
RETURN Fx 23
6 FX=YUSS2-YL88? Fx 24
RETURN Fx 25
7 FXsFXe({xes2) FX 26
RETURN FX 27
END FXx 28-
SUBROUTINE RMBGIN (FX4FI,LL,UL,TOL,PC} * 221% 2
REAL LL RVMBGN 2
CIMENSION A(9), B(9]) RFMAGN 3
00 1 1-1,9 RFBGN 4
A{11=0, R¥BGN 5
1 8{11=0, RMBGN 6
xte=lLl RFAGN 7
FA=FX(XL) R¥BGN 8
FaFX{UL) RVBGN 9
HsUL-XL RFMBGNLO
Al1)=o58HS{FA+F]) R¥BGN1L1 =
1P=l RFBGNL2 ;
1C=0 RFMBGNLY N
15=1 RFAGNL4 :
IF (PCeEQeOs) GO TO 2 RVY¥BGNLS :
WRITE (64111 HylC (Al )elale) RVBGN] 6W ;
2 1C=1 RVBGNLT 1
3 HlzH RMBGNLS T
Ha 5*H RMBGNL9



b

X

[ el

10

11
12

XeXL oM

SU~=OQ

0O 4 [s},1S

SUMzFX(X}e+SUM

X=H] eX

[Sa15+15
Bll)=eSe{A(L)¢HLOSUM)

Cad,

CO S J=zl.IP

Kz Jel
BIK)={C*B(JV=-2{J)1)/(C~1,)
(z4q4C

IF (PCeECaOa) GO TO 6

WRITE (6,11) H 1T (RU1)el=l47)
co ? Jat,1v

LKD)
ABC=ABS{(R(JI-BIXKIV/BIK))
If (ARC-TQLLLWD,) GC (O 10
ABC=ABRS{(A(K)}I-NIwY ) /iKY
{F (ABC-TCLaLELCLY GO TU 10O
CONT [ NS

IF (1PsECeB) GC TO 8
[P=1Pe}

IC=1C+1

€O 9 J=1.9

AlJd)=R1(1)

IF ({CelEal0) GO TO 3

WRITE (6,12)

Fl1=8(K]

RE TURN

FORMAT (1PE1Ga7,1064,49E1245)
FORMAT (37 RMAGIN DBIC NGT CONVERGE IN 10 STEPS.}
END

SURROQUTINE PMAX (X oy N¢XMAX, J)
DIMENSICN X(500)

XPAX=X(]1}

J=1

Lo 2 1=22,N

If (XMAX=X(T)}) 1,242

J=

XMAX=X(])

CONT IANUE

RETURNK

END

SURROUTINE PMIN (XsNyXMIN, )
DIMENSTION X(579)

J=1

XMINzX1])

D0 2 [=24N

1F (XMIN-X(T)}) 24201

J=1

XMIN=X{T1)

CONT INUE

RETURN

END

CATA

RM¥BGN20
R¥BGN21
RMUGN22
RVBGN23
RMBON24
RMBGNZS
RMBGNZS
RNMBGNZT
RMBGNZS
R¥MBGN2Z29
R¥BGN3O
RV¥AGN3L
RWBGNIZ
RMEGHNIAW
RMBGH3G
RMEBGNIS
RMEGNIG
RMBONIT
RVEGNIB
RFMPHLNIG
RFEGNGD
RrBEGNG]
RFMBGNG 2
R¥BGNGD
RVBEGrGS
RMEGNSS
RFMBGNGS
RMEGNGT W
RFBGNGR
RWESNGI
RMBAGNSD
RFEGHS L
RMAGNS?
R¥FBGNS3~
o 274¢ 3
PrAX
PraX
PrAX
Prax
PFMAX
PraAX
PHEAX
PrAX
PraAX 10
PMAX 11~
x 285¢ 4
PrIN
P¥IN
PVFIN
PFIN
PMIN
PrIN
PrFIN
PrIN
PFIN 10
PrIN 11~
END
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